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We demonstrate metal-defined electro-optic polymer phase modulators for the first time. A metal
strip patterned on top of a three-layer slab waveguide causes a strain-induced refractive index
change, resulting in lateral optical mode confinement within the core layer. The strain profile,
refractive indexes, and optical mode shapes of the metal defined optical waveguide are obtained
analytically. Electro-optic phase modulators fabricated using this technique have a driving voltage
of 5.6 V, and 18 dB of extinction ratio at 1.55 m wavelength. These results may be used in the
complex design of integrated polymer optical circuits that require a simple and cheap fabrication
process. © 2005 American Institute of Physics. DOI: 10.1063/1.1991998
Recently, we introduced an etchless waveguide fabrica-
tion method that uses a metal film to produce low-loss opti-
cal waveguides in electro-optic EO polymers.1 Metal-
defined optical waveguides MDOWs in polymers employ
an induced strain field that locally modifies the optical re-
fractive index, providing lateral optical confinement within
the core layer. Strain-induced effects on optical materials
were originally used in semiconductor and ferroelectric ma-
terials, such as InGaAs/ InP,2 SiGe/Si,3,4 MgO–BaTiO3,5
and LiNbO3.6 In such strain-induced waveguides, the strain
is commonly introduced selectively into waveguide struc-
tures by depositing materials, including SiO2,6 WNi,7 and
Si3N4,4 at high temperatures. After cooling to room tempera-
ture, the strain is created at the interface between the stressor
and the semiconductor or ferroelectric material due to their
different thermal expansion coefficients. The deposition pro-
cess itself may introduce a significant intrinsic strain, in ad-
dition to the thermal strain due to cooling. This intrinsic
strain may even become the dominant stressor, especially
when a film is formed at low temperature.2 Previously,
Huang8 reported the effects of strain on the optical perfor-
mance of planar waveguides. It was shown that the induced
strain could cause the refractive index change on the order of
0.01 via the photoelastic effect. Almashary et al.9 demon-
strated strain-induced optical waveguides in both GaAs and
silicon, and Saitoh et al.10 performed numerical simulations
of similar strain-induced optical waveguides. In this letter,
we demonstrate MDOW phase modulators in a guest-host
EO polymer APC-CWC2. This approach is a promising fab-
rication alternative for passive and EO polymer devices.
Figure 1 depicts the schematic cross-sectional view of a
MDOW phase modulator, which consists of a metal film as a
stressor and a three-layered polymer slab waveguide. The
dielectric constant and hence the refractive index of both a
crystal and a polymer thin film is, in general, dependent on
the strain within the material. Strain can change the refrac-
tive indices of a waveguide like that in Fig. 1, affecting its
optical waveguide confinement characteristic.
In order to investigate the physical guiding phenomena
inside the strain-induced waveguide, the following steps
have been taken. First, by using ANSYS, a commercial finite
element modeling program, we calculate the strain distribu-
tion inside the MDOW structure. Then, the refractive index
distribution is calculated and the mode profile derived by
FIMMWAVE™, commercial photonic simulation software.
aElectronic mail: kimsku@ee.ucla.edu
FIG. 1. Schematic cross-sectional view of a metal-defined EO optical wave-
guide phase modulator. Metal thin film was deposited by electron-beam
evaporation at a temperature of 80 °C. The waveguide-defining metal film
acts as the driving electrode in the case of an EO phase modulator.
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Figure 2 shows the total strain profile of a MDOW cross
section obtained by ANSYS, in which the induced strain field
is best visualized by plotting contour lines of equal stress
within the polymer film. The contour lines crowd very
closely together at the edge of the metal strip, indicating a
strong buildup of the complex stress field in this region.11
The presence of both tensile and compressive stress is char-
acteristic of an inhomogeneous and anisotropic distribution
within the polymer layer. Note that the presence of the metal
strip induces strain fields that extend well into the core and
lower cladding regions of a typical polymer slab waveguide.
The negative values indicate regions of compressive strain
increasing the index of refraction of the material, while the
positive values are tensile strain, resulting in a decrease in
the refractive index. Our simulations indicate that the strain
in the lateral direction exx as seen in Fig. 2a is highly
compressive directly beneath the metal stressor but nearly
constant throughout the entire core layer, suggesting that this
strain component has minimal impact on the index-guiding
behavior of the device. On the other hand, the strain in the
vertical direction eyy as seen in Fig. 2b is significantly
different from the horizontal strains showing that that the
shape of the strain buildup at the edge of the stressor directly
penetrates into the core layer, with different strain values.
Within the core layer, there is a distinct region beneath the
metal strip that exhibits less tensile strain than areas further
away from the stressor.1 Qualitatively, this implies that the
central region will also have a larger refractive index than the
surrounding area, therefore providing lateral optical confine-
ment. The coefficients of thermal expansion m/ m °C
and moduli of elasticity GPa of the Cr metal stressor, upper
cladding, core layer, and lower cladding are 6.2/24.8,
72.2/2.8, 69.5/2.3, and 67/1.7, respectively.
By having the acoustooptic coefficient tensor p of the
core material, which is a 66 tensor, and the total strain e
= e1 e2 e3 e4 e5 e6T, we can calculate the change of the im-
permeability tensor bij as follows:
bij = 
k,l
pijklekl. 1
Then, the relative permittivity is r= b0+b−1, where
the impermeability of the material is
b0 = 
1
n2
0 0
0
1
n2
0
0 0
1
n2
 . 2
So, for each given point x ,y, by calculation of the
strain, we may further calculate the eigenvalues and eigen-
vectors of the tensor r according to
r · r0i = ri · r0i, i = 1,2,3, 3
where r0i is the direction of the principle axes and ri is the
relative permittivity in that direction. Finally, we can calcu-
late the refractive index distribution for the structure as
ni = 	ri, i = 1,2,3, 4
where ni is the refractive index seen by light polarized in
each orthogonal direction.
By knowing the refractive index distribution n1x ,y,
n2x ,y, and n3x ,y, FIMMWAVE™ can be used to solve the
mode shape of the waveguide.
For the lower cladding, a 2.5 m thick layer of UV15LV
was coated on top of a Cr/Au ground plane. The EO core
material was then spin-coated to be 2.5 m thick. All of
the samples were baked at 40 °C for 1 min right after spin-
ning the core material, and then the phase modulator samples
were corona poled at 150 °C for 30 min in a closed air at-
mosphere using a 7.0 kV high-voltage source. For the upper
cladding, UFC-170A polymer was spin-coated 2.5 m thick
and UV cured using an UV-exposure system Fusion UV,
USA. In order to form waveguide-electrode patterns, a
4 m wide Cr, Au, or Cr/Au layer of 500 Å was deposited
and patterned by standard photolithography. Finally, the
waveguide-microstrip patterns were electroplated to increase
the electrode thickness and increase the induced stress.
Figures 3a and 3b show the simulated mode shapes
for the transverse electric TE and transverse magnetic TM
modes. Figures 3c and 3d depict the optical near-field
patterns of a MDOW at 1.55 m for the comparisons. The
FIG. 2. Total strain profiles of the MDOW with a 4 m wide metal stripe on
polymer using ANSYS. a strain exx, and b eyy. Only one-half of the cross
section is depicted, since the strain fields are symmetric about the center of
the structure. The negative values indicate regions of compressive strain and
positive values indicate tensile strain.
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optical mode was well confined in the lateral direction and
within the core layer, with mode shapes similar to previously
fabricated polymer etched and UV photobleached
waveguides.12 This implies that the MDOWs achieve a simi-
lar effective index contrast between their core and side clad-
ding regions of 0.003.13 The mode shape of TM mode is
wider than TE mode, this is because the refractive index in
the y direction, nyy, has a dip in the center of the waveguide,
which is similar to the results in Buda et al.2 and Saitoh et
al.10
The low-frequency EO modulation response of MDOW
phase modulators was observed using a 1 kHz electrical saw-
tooth wave signal as shown in Fig. 4. A MDOW phase
modulator with 2.3 cm total length has a V of 3.9 V and
5.6 V at 1.31 m and 1.55 m wavelengths, respectively.
This corresponds to an r33 of 22 pm/V at 1.55 m, which is
60% of that obtained in our previous work.13 A conserva-
tive corona-poling voltage was used to avoid any corona
breakdown in the core layer, but the poling efficiency of the
core layer should increase if a higher corona-poling voltage
is utilized. The extinction ratio of the MDOW phase modu-
lators was greater than 18 dB and the fiber-to-lens insertion
loss was less than 8 dB.
In conclusion, we have demonstrated metal-defined op-
tical waveguide phase modulators in EO polymer materials
using an evaporated metal film as a stress source. Optimizing
the poling environment could further reduce the V of the
phase modulators. These experimental results indicate that
the MDOWs are applicable to a wide range of passive and
active polymer waveguide devices, such as EO modulators,
switches, directional couplers, and integrated optic circuits.
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FIG. 3. Calculated fundamental optical modal shapes a and b, and mea-
sured near-field patterns c and d of the MDOW at 1.55 m wavelength.
The TE mode is calculated from the horizontal refractive index profile,
while the TM mode is vertical and is found from the y refractive indices.
FIG. 4. Low-frequency EO response of the MDOW phase modulator at
TM-polarized 1.55 m wavelength. It shows a V of 5.63 V and an extinc-
tion ratio of larger than 18 dB. All of the waveguides were defined with a
4 m wide waveguide and corona-poling procedure.
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